The development of an open-source 3-d modeling environment allows seismologists, explorationists, engineers, and students to predict wave propagation through geologically complex regions. The environment combines geologic and geotechnical data sets with gridding, modeling, and output specifications into portal packs for execution on standalone workstations, clusters, and supercomputing grids. A tutorial interface helps the user scale the grid to the facilities available, from small test runs to efforts requiring major resources. The ability to configure computations at a range of scales and model complexity is intended to promote wide use of advanced seismic modeling. Geologic models can include many basins in addition to the target urban basin, and detailed geotechnical information where available. To predict earthquake shaking in Nevada urban areas, the 3-d model assembles several data sets at a wide variety of scales, from regional geologic maps to shallow shear-velocity measurements from microtremor transects having 0.3-km spacing. For Las Vegas the principal earthquake hazard is from the Furnace Creek fault system, capable of M7.5 events. Peak ground velocity (PGV) results from finitedifference wave modeling at 0.3 Hz show no obvious correlation between amplification and basin depth or dip of the basin floor. Animations of shaking show the expected strong trapping and long shaking durations within basins, as well as diffusion and scattering of energy between the many basins in the region. The two Furnace Creek scenarios tested, involving rupture away from and toward Las Vegas, produced unexpectedly different PGV in the city. Rupture directivity toward the city may amplify shaking by a factor of fifteen at some locations. Despite affecting only the very shallowest zone of models (<30 m), the Vs30 geotechnical shear-velocity shows clear correlation to 0.3-Hz PGV predictions in basins. Increasing basin thicknesses to 1.3 km correlate with increased PGV, but the basin effect at 0.3 Hz saturates for basin thicknesses greater than 1.3 km; deeper parts of the basin show variance and uncertainty of a factor of two in predicted PGV.
Introduction
The concept of a Community Modeling Environment (CME) was developed at the Southern California Earthquake Center (SCEC) under U.S. National Science Foundation Information Technology Research sponsorship. SCEC's CME combines, in part, geologically based 3-d velocity and fault databases, developed as consensus models in the regional geophysical community (e.g., Magistrale et al., 2000) , with a seismic-modeling computational engine (e.g., Olsen, 2000) . The innovation of SCEC's velocity model is that it is expressed not as a preset 3-d grid but as flexible computer code, able to create grids of various extents and node spacings. This innovation simplifies the process of creating high-resolution grids for local modeling, or geographically extensive grids with larger spacings for large-area but low-frequency models. (The finer the grid spacing, the higher the frequencies that can be modeled.)
The purpose of the ModelAssembler Community Modeling Environment (MA-CME) was initially to provide a community velocity model and seismic modeling environment for Nevada urban areas (figure 1). Reno and Las Vegas are subject to earthquake hazards both from below their local basins, and from faults up to 200 km away. Thus, attacking the problems of modeling scenario events, or modeling small events for which ground-motion data have been recorded, demand running synthetic seismograms for a wide variety of models across a spectrum of scales.
The computations in this paper fed MA-CME output results to the E3D code (Larsen et al., 2001) The intention of MA-CME is to make the preparation of E3D computational jobs more easy. MA-CME is an opensource, Java-based velocity-model gridding code that can integrate scattered and heterogeneous geophysical data sets. It also provides facilities for visualizing model grids and computed E3D results as maps, cross sections, and movies. Source code, installation packages, and example results for MA-CME are available free from www.seismo.unr.edu/ma.
Method
ModelAssembler is essentially a pre-processor for a finitedifference wave-propagation code such as E3D, and is run in advance of it. MA accepts geographic (latitude and longitude) locations for sources and receivers, and reads geological and geophysical data files. The MA-CME graphical user interface provides a tutorial interface to MA, helping to set up the geological model, and allows gridding and E3D computations to be set up at any scale. MA outputs 3-d grids of P velocity, shear velocity, and density, along with a control file for E3D. E3D can then be run directly on the MA outputs. The geological and geophysical data files input are all in readable text format, specify properties at points located with geographic coordinates, and do not rely on the data having any particular sorting or organization. Edits and additions to the data files are easy to make.
Within the MA-CME GUI, the interface provides the user immediate feedback on the difficulty of the computation being attempted, estimating the total memory needed for the E3D run described, the number of CPUs needed, the maximum frequency that can be computed with no grid dispersion artifacts, and the clock time likely required. For example, in a grid setup panel, an advice message pane turns green if the computation will fit on a single workstation, yellow if a small cluster of 2-50 CPUs is needed, and red if more than 50 CPUs are required.
Fundamental to ModelAssembler is the concept that lowresolution regional data sets can be superimposed by detailed local data. Grids at any scale can thus be created as composites of various results at very different scales. In Nevada, a regional data set with the thicknesses of Neogene basins sampled at 2 km spacing for the entire Basin and Range is often combined with local results from the urban basins that sample their thicknesses at 0.4 km spacing. For the Nevada model, figure 1 shows how four datasets at various scales on Neogene basin thicknesses are roughly stitched together: 1) a regional-scale geologic map at 1-km resolution, allowing basin thicknesses to be estimated from bedrock proximity, in California; 2) Saltus and Jachens's (1995) USGS basin gravity inversions for the Basin and Range, including both sedimentary and Tertiary volcanic basins at 2-km resolution; 3) Abbott and Louie's (2000) Reno-area basin gravity study at 0.4-km resolution; and 4) the Langenheim et al. (1998) Las Vegas basin model from gravity, refraction, and a few deep wells, at 0.4-km resolution.
Geotechnical data sets are also incorporated, as in figure 2, despite having spacings varying from 0.1 to 0.3 km, and including isolated point measurements. MA interpolates all the disparate data sets onto a regular grid, following instructions for how one data set may take precedence over another where they overlap. For the Nevada model, three datasets are combined in this way: 1) the regional geologic map controls the default shallow geotechnical shear Each model is accompanied by a set of rules governing how the interpolations are done, how geophysical properties will vary with depth inside and outside basins, and how the properties not supplied in the data sets will be estimated from the ones that are supplied. Thus in bedrock outside basins in most areas the rules describe a P-velocity versus depth profile Vp(z) used for earthquake locating, and equations for estimating the corresponding shear velocity Vs and density ρ. In Nevada the basin density ρ(z) profile is assumed (from oil-field measurements summarized by Saltus and Jachens, 1995) and Vp and Vs are estimated. Thus MA yields laterally homogeneous properties within basin and bedrock, although the interface between basin and bedrock can vary wildly in depth.
The task of modeling the effect of a magnitude-7.5 earthquake along the Furnace Creek fault zone on Las Vegas was given as a class exercise to senior undergraduate Liz Lenox in Fall 2006. She set up the E3D computation in MA-CME to yield 0.3-Hz waves on a 281 E-W by 251 N-S by 20-node deep grid with a dh=dx=dy=dz grid spacing of 1 km. With the 1 km spacing, MA produced the 3-d grid input for E3D, for which figure 2 maps the shear velocities of the surface nodes. The grid includes the fault zone 180 km west of Las Vegas, and the urban basin (FCFZ and LV in figure 3, upper). The figure shows that the basins near the fault in Death Valley (DV in figure 3 ) and under Las Vegas are smaller than the Timber Mountain caldera and the volcanic-filled rifts radiating from it (figure 1; and dark blue and black areas of figure 3, upper). Infinite Q was assumed for these scenarios.
The two rupture scenarios and fault parameters set up in MA-CME and supplied to E3D were derived from the USGS Qfaults database (USGS and CGS, 2006) . The 80-km-long planar fault, extending 15 km vertically, ruptures in dextral strike-slip in two separate M7.5 scenarios: a rupture beginning at the fault's southeast end and proceeding northwest away from Las Vegas at 2.8 km/s; and a rupture beginning at the northwest end and proceeding toward the city.
Figure 3 (middle) shows a snapshot of the wave propagation 71 seconds after the origin time of the earthquake, for the scenario rupture toward Las Vegas. Three-component particle velocities are represented as colors, superimposed on a shaded-relief basin map. A red additive color is scaled to E-W motions; a green additive color to N-S motions; and a blue additive color to up-down motions. The greater the intensity of a component of shaking, the greater the intensity of the corresponding additive color. Thus dark colors, or the basin map showing through, represent low intensities of shaking, and bright colors high shaking intensities. Yellow in the basins shows intensive NW-SE or NE-SW horizontal shaking. The green waves in Las Vegas basin show intense longitudinal (Love) surface waves, and the alternating red and blue waves entering the basin from the west are Rayleigh surface waves with their radial-elliptical motions. 
Results
The two rupture scenarios have very different effects, as shown by the peak horizontal ground velocity (PGV) maps at the bottom of figure 3. The PGV map at left saturates with a yellow color at 1 cm/s; on the right the yellow saturation level is 2 cm/s. For rupture away from city, PGV is <<1 cm/s in Las Vegas Valley, with damage unlikely. There is clear directivity in these long-period simulations. For rupture toward the city, PGV exceeds 1 cm/s in LVV, suggesting a possibility of damage to vulnerable structures. Basins between Death Valley and Las Vegas are spreading the directivity effect to wider angles from the fault strike than would be expected in a 1-d model. The intermediating basins are absorbing the directivity energy beams and reradiating the energy at a broader range of azimuths. This effect is suggested by the scenario wave-propagation animations, which are available in cell-phone video format from www.seismo.unr.edu/ma/ .
Comparing the PGV maps from the two scenarios (figure 3, lower) shows the largest amplifications due to rupture directivity are in bedrock, not in basins. Yet some margins of Las Vegas basin also show 1500% amplifications. The amplifications, and the high PGV results, do not show clear correlation to basin thickness or to the dip of the basin floor. To examine the effect of geotechnical Vs30 and basin thickness on shaking, figure 4 compares the PGV computed for 2679 areas in and around Las Vegas, each 1-km 2 , for both rupture scenarios. Despite the wavelengths of this 0.3-Hz, 1-km grid scenario computation being more than fifty times the 30-m depth of the geotechnical Vs30 data, there appears to be a correlation of increasing PGV with decreasing Vs30 below 0.5 km/s, in the basin. The scatter or variance of PGV is, however, at least as large as the effect of Vs30, at a factor of two or three. PGV appears to correlate well with basin thickness in Las Vegas in figure 4, at least for thicknesses less than about 1.3 km. Thicker parts of the basin show a larger scatter, or variance in PGV, of a factor of two.
Conclusions

Development of the ModelAssembler Community
Modeling Environment allows non-specialists to set up complex 3-d grids for advanced wave-propagation computation. A Nevada 3-d velocity model, assembled from many disparate geological, geophysical, and geotechnical data sets at a wide range of scales, allows prediction of ground shaking in Las Vegas from scenario earthquakes in the region. Rupture directivity, broadened by the interaction of intermediary basins, has the greatest influence on computed ground motions at 0.3 Hz. Within basins, the geotechnical Vs30 as well as the basin thickness at a site play important roles in the computed ground motion. The large variance of the computed motions with respect to Vs30 and thickness, along with maps of peak ground motions, suggest that very scenario-dependent path and geometric wave-propagation effects such as lens focusing are also important. 
